). Yet, to our knowledge, no study has examined experimentally how competition among colonies affects the size distributions of survivors.
There has been considerable controversy over the effects of competition on size variation in other taxa. Three models can be distinguished. These models were developed originally for solitary or modular organisms (Harper 1981 Prior to each experiment, the field was tilled, flattened, and raked to reduce weeds and to homogenize the conditions across all replicate plots. In experiments 2 and 3, the plots were watered as necessary to maintain surface soil moisture.
Each plot consisted of a square grid of nest sites. The distance between rows and columns of the grid was varied as described below. Each nest site was marked with a 12-cm wooden marker and a 4 x 4 cm metal tag held in place by a nail. This allowed rapid surveys of colony entrances, which are small and would otherwise be difficult to locate.
Adjacent grids were at least 5 m apart, which was far enough to prevent raids between neighbouring plots. In addition, a border of at least 5 m around the experimental sites was tilled or mowed to reduce vegetation cover. This allowed easy observation of raids and other ant activity near each plot, which was necessary for documenting colony survivorship and for detecting any naturally occurring colonies.
To plant each colony, a narrow hole 7 cm deep was prepared at the marked nest site. This mimics the natural depth of incipient nest chambers (W. Tschinkel, unpublished data). The paper covering of each plaster nest was removed, and the plaster nest with its incipient colony was inserted into the hole so that the large chamber was at the bottom. Each nest was then covered with soil.
Despite the initial removals, some 'wild' ant colonies became established near our experimentally planted colonies due to naturally occurring nuptial flights or, less frequently, to migration of mature colonies from surrounding areas. These colonies were removed by excavation or by soaking with boiling water.
EXPERIMENT DESIGN
Three experiments were conducted sequentially, each with a high-density treatment and a low-density treatment. The methods were refined on the basis of each set of results. Nearest neighbour distances in naturally established incipient fire ant colonies near the study site ranged from 8 cm to 2-04 m (W. Tschinkel, personal observations). For each experiment, distances between planted colonies were selected from within this range, so that collectively the treatments spanned most of the range of natural variation in colony spacing. In each experiment, the distance between nearest neighbours differed by a factor of three or four between the high-and low-density treatments, producing a strong contrast in density. Colonies were randomly assigned to treatment. In the high-density treatment, nearest neighbours were separated by 40 cm; in the low-density treatment, by 1-2 m. Four high-density plots and two low-density plots were planted from 5 July to 8 July 1990. Treatments were randomly assigned to available sites. Two additional high-density and three new low-density plots were planted between 14 August and 19 August 1990. The difference in starting dates was due to the need for further efforts to remove mature colonies at some locations. Preliminary statistical tests showed no significant effect of planting date on brood raids or colony survivorship, so data from the two planting dates were lumped together. The plots were not watered, but were exposed to natural rainfall. All plots were surveyed every other day for 55 days. From 37 to 41 days after planting, several randomly selected colonies were excavated and censused.
Experiment 2 (40 vs. 13-3 cm)
In the second experiment, colonies were planted in assemblages of 25 arranged in a 5 x 5 square grid (Fig. 1) . As in experiment 1, colonies selected for planting contained between 5 and 20 minims. Highdensity colonies were separated by 13-3 cm from their nearest neighbours, low-density colonies by 40 cm. Six replicate plots at each density were planted on 24 and 25 September 1990. Treatments were assigned randomly to available sites. Because the soil was initially nearly free of vegetation, food was supplemented by placing fragments of dead crickets and cotton moistened with dilute honey in front of each colony's entrance. Colonies were fed twice per week during the first 2 weeks, after which new vegetation and associated insects provided reliable sources of food. Colonies were censused for activity daily for 17 days, then at least once every other day until 30 October, 1990.
Experiment 3 (60 vs. 15 cm)
For the third experiment, assemblages of 25 colonies were planted in square grids of 5 x 5. Colonies were separated from nearest neighbours by 15 cm in highdensity plots and by 60 cm on low-density plots. One goal of this experiment was to assess the effects of colony density on the sizes (worker number) of surviving colonies; therefore, each colony was censused within 24 h before planting. Colonies selected for planting contained from 4 to 15 eclosed workers and from 8 to 30 pupae. Six pairs of high-and low-density plots were planted between 3 July and 16 July 1991, each pair matched for date of planting and for eastwest location within the irrigated field. For each pair of plots, 50 incipient colonies were randomly assigned to treatment. Each queen was marked on the sides of the thorax with a unique combination of coloured paints. No effect of paint on queen survivorship or on worker acceptance of queens has been detected (E. Adams, unpublished data).
Colonies were excavated after brood raiding on high-density plots had ceased or had peaked and then declined to include less than 8% of colonies per day. This occurred 3-9 days after planting. Plots were excavated in pairs, so that equal numbers of high-and low-density plots were excavated each day. All colonies were excavated on high-density plots. Randomly selected surviving colonies were excavated on lowdensity plots until at least five colonies per plot had been harvested. In most cases, excavations revealed one or two chambers containing the workers, brood and queen. In one high-density plot, the queen and brood chamber of the sole surviving colony could not be found; therefore, this plot and its paired lowdensity plot were omitted from statistical tests requiring complete colony census.
SAMPLING OF COLONY ACTIVITY
Previous work has shown that most brood raids occur during the morning and evening and that most raids are more than 30 min duration (Tschinkel 1992a). In experiment 1, colonies were surveyed every other day between 8.00 and 10.30 AM depending on weather, so that surveys were conducted during periods of peak activity. In experiment 3 and during the first 8 days of experiment 2, surveys were increased to approximately once per hour every day during the morning and evening hours to record foraging activity and brood raids. Each colony was visited at least four times each morning (8.00 AM to 1.00 PM) and at least once each evening (6.30 to 7.30 PM), except during heavy rains. When brood raids were observed, additional surveys were added for all plots to assure a high probability of recording brood raids and to resolve the pattern of movement between neighbouring colonies. During each survey, we recorded whether the colony had an open entrance and whether ants were active at the entrance. Whenever brood raids were seen, the pathways used by ants to travel from one colony to another were recorded, as well as the origin and destination of any workers carrying brood. When queens were seen on the surface of the soil, their colour marks, if any, were recorded and their movements and interactions were noted.
STATISTICAL ANALYSIS
At each census, colonies were judged to be active if an entrance hole was seen at the marked location. Excavation of colonies has shown that not all apparent entrance holes are associated with live colonies (E. Adams, unpublished data). Records for individual colonies in experiment 1 sometimes showed a series of nine or more sequential observations of inactivity 318 Competition amongfire ant colonies followed by one or a few later records of apparent entrances. If no ants were seen during these later records, they were disregarded to avoid over-estimating colony longevity. To improve further the accuracy of survivorship estimates, the frequency of censuses increased from experiment 1 to 3 (see above). In addition, in experiments 2 and 3, entrance holes were sealed with moist soil at the end of each day. Active colonies quickly excavated through the plug, while entrance holes for dead or abandoned colonies remained plugged and were no longer counted. Since we were especially concerned with detecting the presence of unusually large colonies, we used the coefficient of variation instead of alternative measurements.
Many

Results
EXPERIMENT 1
and only small numbers of raids (three or four) were seen on the two remaining replicates. This variation may have been due to soil moisture, which was determined primarily by the uncontrolled pattern of rainfall with respect to planting dates. To reduce this source of variation in subsequent experiments, all plots were watered on each day for which there was no natural rainfall. Two plots were monitored in detail for 73 days. By 66 days after planting, surviving colonies had begun to form semipermanent foraging tunnels characteristic of mature nests. These led outward underground from the central nest site; some were more than 2 m in length. By this age, competitive encounters had shifted from brood raiding to territory defence. Workers from differing colonies on the same plot fought spontaneously when they encountered one another during foraging, and fights between colonies were readily induced by placing baits at intermediate
positions. Fighting colonies recruited up to 140 workers during battles for food baits, but these struggles did not end in brood raids (n = 9).
Thirteen randomly selected live colonies were excavated between 37 and 41 days after planting. A single queen was recovered from 11 of these colonies; no queen was found in the remaining two. Colony sizes were highly variable, with an average of 109-9 + 34-0 workers (mean+SE; range 5-342) and 228-9+82-8 immature ants (range 1-820).
EXPERIMENT 2
Colony density did not affect the proportion of colonies that survived planting (Table 1) . Density had a strong and significant positive effect upon the proportion of colonies that engaged in raids and the average number of raid partners for colonies that participated in raids. It had a negative effect on the median date of colony death. Raids on typical highand low-density plots are illustrated in Figs 1 and 2. Raids occurred from 2 to 8 days after planting on lowdensity plots (median = 5 days) and from 1 to 5 days after planting on high-density plots (median = 2 days). Average survivorship curves for high-and lowdensity plots are shown in Fig. 3 . Colony density had no significant effect on the proportion of colonies surviving planting or on subsequent colony survival. The only raids (n = 33) were on high-density plots (40 cm between neighbours), but the proportion of colonies engaging in raids did not vary significantly with density (Table 1) . Raids occurred between 2 and 8 days after planting, with a median of 3 days.
The degree of raiding within high-density plots was variable. In the extreme case, 35 colonies engaged in raids on a single plot, accounting for 25.7% of colonies that survived planting. By contrast, no raids were seen in three plots planted at the same density, EXPERIMENT 3 As in the previous experiments, colony density had no effect on the proportion of colonies that survived planting. Density had strong positive effects on the number and complexity of raids. On low-density plots (60 cm between neighbours), few colonies engaged in raids, and all raids involved only a single pair of colonies. On high-density plots (15 cm between neighbours), most colonies engaged in raids and these colonies interacted on average with more than two competitors (Table 1 ). Raids occurred from 1 to 6 days after planting on low-density plots (median = 2 days) and one or more other queens were recovered alive at the same nest site. The assemblages of colonies planted in high-and low-density plots did not differ initially in average worker number or in the degree of size inequality.
During the first few days of growth and interaction, the mean and the coefficients of variation of worker number rose on both high-and low-density plots; however, the degree of increase was greater on highdensity plots. At the time of harvest, the variation in worker number among surviving colonies was significantly greater on high-density plots than on lowdensity plots (Table 1) and from 1 to 7 days after planting on high-density plots (median = 2 days). Queens occasionally emerged to the surface of the soil during or shortly after raids. Paint marks on the thoraxes confirmed that these were queens planted in incipient colonies and allowed identification of the origin of each queen. Significantly more migrating queens were seen on high-density plots than on lowdensity plots (Table 1) . Many queens tried to enter other colonies, but were often resisted by workers. Some queens successfully entered colonies; many of these emerged a short time later. A single detailed example is provided below.
A queen identified by yellow paint on both sides of her thorax (queen YY) was planted in position 25 of a high-density plot (15 cm between neighbours) on the morning of 16 July 1991. This colony was raided by colony 22 at 9.44 AM on 19 July. At 10.07 AM, queen YY was seen digging into the entrance of colony 22 under attack by two workers, which grasped her by the legs. She left this entrance and dug at the entrance of colony 21 at 11.51 AM. During the same morning, five other colonies participated in raids on this plot and three other marked queens were seen moving among colony entrances. Queen YY was not seen again on the surface, but was recovered alive, along with 67 workers, during the excavation of nest 13 on 21 July, at which time she was the sole queen in this nest.
When colonies were excavated, live or dead queens were recovered at a majority of nests with open entrances. Of those sites with live queens, 90-7% (n = 43) of nests on low-density plots contained only the original queen, while only 69-6% (n = 46) of nests on high-density plots contained only the original queen (P < 0-02, G-test). The exceptions included 14 colonies in which the original queen had been replaced by a queen originally planted at a different nest site, and four colonies in which both the original queen
EDGE EFFECTS
Within plots planted at the highest density (13-3 cm between nearest neighbours; experiment 2), the percentage of colonies engaging in raids was significantly higher in the interior of each planted grid (82.9+4 9%) than on the edge (60-1+7 2%; P < 0-05, Mann-Whitney U-test). In addition, the median length of colony survival was significantly lower in the interior of the plot than on the edge (5.33+0-37 vs. 7-17?+070 days; P < 005, MannWhitney U-test). No significant edge effects were found for any other planting density.
Discussion
The results of these experiments show that early competition among colonies is density-dependent and asymmetric. The frequency and complexity of raids is governed by the probability of encounter among incipient colonies. Except at the lowest densities, the proportion of colonies engaged in raids increased with colony density (Table 1) . Brood raids reduced colony survivorship (Fig. 3) and increased rates of queen migration and usurpation (Table 1 ). In the literature on population ecology, competition is said to be asymmetric when larger individuals gain a share of contested resources that is greater than their relative mass (Begon 1984; Weiner & Thomas 1986 ). Game theoretical studies of animal aggression describe other kinds of differences between competitors as 'asymmetries', but we use the more restrictive definition in this paper. Brood raiding is asymmetric in that larger colonies are more likely to win and the winning colony acquires essentially all of the brood and workers of the losing colony (Tschinkel 1992b). Although brood raids could conceivably lower the degree of size variation among surviving colonies by eliminating the smallest competitors, in agreement with the size truncation model, this study shows that the net effect of brood raids is to increase size inequalities by concentrating many of the workers from unsuccessful colonies within a few victorious colonies.
Brood raids can lead to the rapid growth of winning colonies within dense populations. In this study, the winning colonies in crowded populations grew faster by accumulation of brood than colonies that escaped competition. This same phenomenon has been reported in natural populations, where some raiding colonies acquire more than 1000 workers within a few weeks (Tschinkel 1992b), many times the number produced by queens founding colonies in isolation. Thus, dense populations of colonies quickly develop marked discrepancies in size, which are likely to affect their fates over the subsequent months or years. Moreover, the victorious colonies in crowded populations actually benefit by raiding even though the average effect of brood raids on young colonies is detrimental. The density of colonies in our high-density treatments was within the range of natural densities (W. Tschinkel, personal observations). Furthermore, the number and complexity of raids seen within these assemblages was matched, and even surpassed, in naturally established populations (Tschinkel 1992a,b). However, colonies in our experimental plots did not appear to raid as frequently as colonies in natural populations at similar densities. This suggests that variables other than density affect the likelihood of raids. In this study, each planted colony contained a single queen and her progeny, but naturally established colonies may be founded by two or more queens, thereby increasing the number of workers that are produced in the first cohort (Tschinkel & Howard 1983). If larger colonies raid more frequently or over greater distances, then field populations may show higher frequencies of raids at lower densities than those adopted in our experiments.
Surface soil moisture appeared to affect the rate of raiding. This was suggested by the variation in rate of raiding on plots with 40 cm spacing between nearest neighbours. Of the six plots planted at this density in experiment 1, one replicate showed substantially more raiding than the others. This plot had been planted following a heavy rain which left the soil wet for several days, during which the raids occurred. This result prompted a change in experimental methods. In experiments 2 and 3, each plot was watered daily so that the soil surface was kept moist for all replicates. Under these conditions, plots planted with 40 cm between neighbours showed higher levels of raiding than in experiment 1. The effect of soil moisture is probably due more to desiccation stress than to softening of the soil, since raiding workers do not need to excavate soil in order to obtain brood. Fire ant activity is sensitive to microclimate (Porter & Tschinkel 1987) . Hot dry conditions may diminish ant activity, and thereby reduce the probability that workers discover nearby colonies and initiate brood raids. We hypothesize that the frequency and complexity of raids is determined by the probability of encounters between 322 Competition amongfire ant colonies colonies, which is in turn affected by colony size, spacing and activity.
